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Abstract
Objectives: Evolutionary perspectives on human childbirth have primarily
focused on characteristics of our species in general, rather than variability
within and between contemporary populations. We use an evolutionary frame-
work to explore how physical and demographic characteristics of mothers
shape the risks of childbirth complications in rural lowland Nepal, where
childbearing typically commences in adolescence and chronic undernutrition
is widespread, though maternal overweight is increasing in association with
nutrition transition.
Methods: We conducted secondary analyses of data from a cluster-
randomized trial. Women aged 14–35 years were categorized by age, number
of previous pregnancies, height, body mass index (BMI), husband's education,
and household wealth. Multivariable logistic regression models tested whether
these characteristics independently predicted risks of episiotomy and cesarean
section (CS, n = 14 261), and obstructed labor (OL, n = 5185).
Results: Risks were greatest among first-time adolescent mothers, though associ-
ations with age varied by outcome. Independent of age and parity, short stature
and high BMI increased risks of CS and OL, whereas associations were weaker
for episiotomy. Male offspring had increased risk of CS and OL but not episiot-
omy. Wealth was not associated with OL, but lower wealth and lower husband's
education were associated with lower likelihood of episiotomy and CS.
Conclusions: At the individual level, the risk childbirth complications is
shaped by trade-offs between fertility, growth, and survival. Some biological
markers of disadvantage (early childbearing, short stature) increased the risk,
whereas low socio-economic status was associated with lower risk, indicating
reduced access to relevant facilities. Independent of these associations, mater-
nal age showed complex effects.
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1 | INTRODUCTION
From an evolutionary perspective, anthropologists have
long approached the challenges of childbirth through the
lens of the “obstetrical dilemma,” a term coined by Sher-
wood Washburn (Washburn, 1960). According to this
approach, human childbirth is subject to antagonistic
selective pressures favoring reduced size of the bony birth
canal to support bipedal locomotion, but larger dimensions
of the fetal head. Washburn suggested that this antago-
nism was ameliorated by human babies being born at an
earlier stage of development compared to other apes,
reducing the fetal head dimensions attained at the typical
time of delivery (Washburn, 1948; Washburn, 1960). The
relatively tight fit between the maternal pelvis and the fetal
head is considered to underlie the unique process of birth
in our species, where the fetus typically rotates as it passes
through the birth canal, and the near-universal need for
social assistance at birth (Rosenberg & Trevathan, 2018).
Recently, however, Washburn's emphasis on antago-
nistic selective pressures has been critiqued from several
angles (Dunsworth et al., 2012; Stone, 2016;
Walrath, 2003; Warrener et al., 2015; Wells et al., 2012).
Collectively, these authors have argued that the human
obstetrical dilemma has been considered too much of a
“given,” and that women's pelvic variability is unrelated
to the efficiency of locomotion (Warrener et al., 2015),
that the short duration of pregnancy is linked with
maternal energetic constraints on fetal growth
(Dunsworth et al., 2012), that physical dimensions rele-
vant to childbirth vary in association with local ecological
conditions (Wells et al., 2012), and that childbirth com-
plications could be reduced if traditional birthing posi-
tions and social strategies were more widely used
(Rosenberg & Trevathan, 2018; Stone, 2016).
Therefore, further work is needed to explain the sig-
nificant global burden of maternal and neonatal morbid-
ity and mortality associated with childbirth (Ronsmans
et al., 2006), and the variable epidemiological distribution
of this burden (Rosenberg & Veile, 2019). In low- and
middle-income countries (LMICs), for every mother who
dies during childbirth an additional 30–50 suffer injury,
infection, or disease (Islam, 2007).
While this burden of ill-health derives in part from
inadequate medical facilities, other factors may also be
important. First, birth outcomes may actually have wors-
ened in association with a shift from traditional and
socially supportive birthing practices to a more restrictive
biomedical approach (Rosenberg & Trevathan, 2018;
Veile & Kramer, 2018), representing the consequences of
cultural change. Second, human morphological variabil-
ity within and between populations may still be an
important factor contributing to birth complication and
injuries. To address this second issue, the evolutionary
lens of the obstetrical dilemma may be shifted away from
humans per se, and used instead to improve understand-
ing of variability among individuals and populations in
traits relevant to childbirth (Wells et al., 2012).
1.1 | An evolutionary perspective on
individual variability in childbirth: The
“coordination problem”
At a mechanistic level, childbirth may be considered as a
“coordination problem” (Wells, 2015), whereby success-
ful delivery requires a degree of matching between the
physical dimensions of individual mother-infant dyads.
There is increasing evidence that growth of the maternal
pelvis as well as the fetus varies within and between
populations (Betti & Manica, 2018; Ricklan et al., 2020;
Shirley et al., 2020; Wells et al., 2012). An evolutionary
perspective, therefore, remains very relevant to our
understanding of how and why mothers experience vari-
able outcomes to this coordination problem. Where vari-
ability in maternal or fetal phenotype reflects genetic
factors, for example, the obstetrical dilemma could be
considered to have been “re-negotiated” through the
mechanism of natural selection (Wells, 2015).
Independently of genotype, however, coordination
might also be improved or challenged through mecha-
nisms of phenotypic plasticity, reflecting shorter-term
exposure to environmental factors. From a broader per-
spective, human growth and development are understood
to be subject to reaction norms shaped by competing
selective pressures (Walker et al., 2006). On the one hand,
the supply of energy constrains growth, and all other
things being equal, growth and reproductive maturation
are expected to occur at lower rates when the threat of
malnutrition or food insecurity is higher. On the other
hand, higher mortality risk during the juvenile period
favors earlier maturation. In an analysis of 22 small-scale
societies, both of these associations were supported, with
several populations occupying high-risk environments
demonstrating an average age at first female birth
<18 years (Walker et al., 2006). These varying patterns of
development across populations result in adult women
showing different combinations of height, nutritional sta-
tus, and the age of commencing reproduction.
Life history trade-offs between survival, growth, and
reproduction may, therefore, be important in shaping
childbirth outcomes. Specifically, maternal life history
trade-offs may shape both the dimensions of the pelvis
and levels of body fat stores, while maternal metabolism
during pregnancy is the primary ecological factor
impacting the offspring's size at birth (Wells, 2010).
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For example, poor growth in early life may constrain
dimensions of the maternal pelvis (Shirley et al., 2020).
This may reflect exposure to an inadequate energy supply
or an increased allocation of resources to immune func-
tion in early life (Urlacher et al., 2018), reducing the allo-
cation of resources to skeletal growth. Many studies have
shown that shorter mothers are at greater risk of
obstructed labor (Amoa et al., 1997; Desai et al., 1989;
Sokal et al., 1991; Wells, 2017). Early childbearing may
itself contribute to such trade-offs, as early reproduction
has been associated with shorter maternal stature in
adulthood (Casanueva et al., 2006; Marphatia et al., 2021;
Rah et al., 2008).
Fetal growth, also relevant to the risk of childbirth
complications, is largely determined by maternal meta-
bolic phenotype, as only around 30% of the variability in
birth weight can be attributed to parental genotype
(Lunde et al., 2007; Magnus et al., 2001). Consequently,
higher maternal body mass index (BMI) may contribute
to the risk of obstructed labor by promoting high levels of
fetal growth (Liu et al., 2011; Mochhoury et al., 2013;
Munim & Maheen, 2012; Wells, 2017; Wells et al., 2012).
BMI often changes substantially within mothers over the
reproductive career, hence the timing of reproduction
may shape the trade-offs that underlie variability in birth
weight (Prentice et al., 1987; Rosenberg, 1988).
Crucially, environmental factors that affect fetal
growth are expected to act later than those affecting
growth of the maternal pelvis (Wells, 2015), so that differ-
ences in ecological conditions across generations may
raise the risk of “poor coordination” and childbirth com-
plications. For example, while maternal short stature and
maternal overweight are each associated with an
increased risk of cesarean delivery (Wells, 2017), analysis
of Demographic and Health Survey (DHS) data from
India found that these risks were additive, and were
greatest in dyads where maternal BMI and offspring birth
weight were high while the mother was also short (Wells
et al., 2018). Similar findings emerged from analysis of
DHS data from several other LMICs (Mendez-Dominguez
et al., 2020; Wells et al., 2020). Longitudinal analysis sup-
ports the hypothesis that rapid environmental change,
generating different effects on female phenotype
depending on age, may increase the risk of “poor coordi-
nation” (Wells et al., 2018).
1.2 | Applying an evolutionary approach
to childbirth in low-income populations
undergoing nutrition transition
The framework outlined above may be especially helpful
for understanding childbirth complications in low-
income settings, where a number of risk factors may co-
exist. We focus here on three related issues: early child-
bearing, chronic undernutrition, and rapid nutrition tran-
sition which drives life-course exposure to the “double
burden of malnutrition” in individual women (Wells
et al., 2020).
The UN considers women's marriage before 18 years
to be unlawful (United Nations, 1962), and this is
supported by substantial evidence that under-age mar-
riage is harmful to women's autonomy, education and
general and reproductive health, while also adversely
affecting health of the offspring (Marphatia et al., 2017).
Despite this, early marriage remains common in many
geographical regions, such as sub-Saharan Africa and
South Asia (UNICEF, 2019). In Nepal, where the
research described below was conducted, national legisla-
tion prescribes 20 years (18 years with parental permis-
sion) as the minimum acceptable age (Government of
Nepal, 1971), yet according to recent data, about 40% of
all women aged 20–24 years still married before 18 years
(Nepal Ministry of Health, 2017). In such populations,
norms for early marriage represent a cultural gateway to
early reproduction.
A comprehensive analysis of data from 144 countries
and territories found that adolescent mothers had only
slightly greater mortality risk compared to mother's age
20–24 years (Nove et al., 2014). Nonetheless, early child-
bearing has been associated with high maternal morbid-
ity during pregnancy and labor. For example, a survey on
maternal and newborn health across 29 countries by the
World Health Organization (WHO) found that, compared
with mothers aged 20–24 years, adolescents under
16 years of age had higher risks of cesarean section,
eclampsia, and uterine and systemic infections
(Ganchimeg et al., 2014). The magnitude of these risks
was generally higher for the youngest mothers, aged
15 years or below.
However, it remains unclear how early reproduction
may contribute to childbirth complications in disadvan-
taged populations, independent of other risk factors.
Potentially, adolescent mothers are still growing in height
and pelvic dimensions, and early reproduction might
constrain this skeletal development. For example, cross-
sectional studies of women from India found that pelvic
dimensions and height both increased in association with
age through the 20s and into the earlier 30s (Sharma
et al., 2016; Wells et al., 2018), while in three north
American historical populations, pelvic growth likewise
appeared to continue during the third decade
(Tague, 1994). These studies suggest that skeletal traits
relevant to childbirth might continue to grow long after
adolescence in its conventional sense has completed, put-
ting adolescent mothers at a relative disadvantage.
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However, analyses of five large LMIC cohorts indi-
cated that maternal reproduction before 20 years was
associated with a 20–30% increased risk of low birth
weight and preterm delivery (Fall et al., 2015), suggesting
that in younger mothers the obstetrical dilemma may
partly be resolved by producing smaller offspring. Such a
response would be adaptive for both mothers and off-
spring, given that surgical solutions to childbirth compli-
cations were likely minimal until relatively recently. The
low genetic contribution to birth weight may enable fetal
growth to adapt to maternal skeletal dimensions
(Wells, 2015). Consistent with that hypothesis, a study of
Brazilian women found that adolescent mothers
<20 years had smaller pelvic dimensions than those of
older mothers (Alves et al., 2013), and this was associated
with 125 g lower birth weight, equivalent to 4%. More-
over, even in the non-adolescent women in this sample,
pelvic dimensions predicted birth weight better than did
maternal BMI (Wells et al., 2017).
Where early reproduction and linear growth con-
straint in early life interact with rapid nutrition transi-
tion, the likelihood of “poor coordination” may be
increased. This scenario has been reported previously for
cesarean section (Mendez-Dominguez et al., 2020; Wells
et al., 2018; Wells et al., 2020). However, a limitation of
previous research is that data on obstructed labor itself
are not collected in DHS surveys. Cesarean delivery is a
challenging outcome to interpret, as the procedure is
used for various reasons, some medically indicated but
unrelated to cephalopelvic disproportion or other forms
of obstructed labor, and others not associated with medi-
cal need (Boerma & Ronsmans, 2019; Neuman
et al., 2014; Rosenberg & Trevathan, 2018; Rosenberg &
Veile, 2019). There is widespread concern that the rate of
cesareans is excessive in wealthier groups, reflecting fac-
tors such as wealth and defensive medicine (where clini-
cal decisions are influenced by the aim of protecting
clinicians from litigation), whereas in poorer settings the
facilities required may be inadequate (Boatin et al., 2018).
Therefore, other outcomes are needed to understand
associations of environmental and maternal factors with
childbirth complications.
In settings with fewer resources, delivery is often facil-
itated by a simpler form of surgery, episiotomy, where an
incision is made in the perineum and posterior vaginal
wall. A meta-analysis of 74 surveys from 41 LMICs esti-
mated that 46% of all births involved episiotomies, while
25% involved birth injuries (Aguiar et al., 2019). These
data are likely to come both from countries where episiot-
omy is routinely used, a practice discouraged by WHO,
and from those that have a more restrictive policy (Jiang
et al., 2017; WHO Reproductive Health Library, 2018). As
with cesareans, there is concern that episiotomies are
often undertaken beyond their medical need, and rates
differ substantially between countries. For example, the
frequency in India is around four times higher than in
adjacent Nepal (Aguiar et al., 2019), suggesting either that
there is a more restrictive policy on their use in Nepal, or
that there are greater limits to their availability.
Our aim in this study was to apply the evolutionary
framework described above to improve understanding of
the multiple risk factors for selected childbirth complica-
tions in a vulnerable population where under-age mar-
riage and early first reproduction are the norm, poverty
and chronic undernutrition are widespread, but where
maternal overweight is also becoming more common in
association with the nutrition transition (Figure 1). These
traits may be interconnected, for example in the same
population we have recently shown that both early mar-
riage and early childbearing are associated with shorter
adult height (Marphatia et al., 2021). Using secondary
analysis of data from a large randomized trial in lowland
Nepal, we investigate here how four maternal traits
(young age, low parity, short stature and high BMI) are
associated with the risks of episiotomy, cesarean section,
lengthy labor and obstructed labor, while also taking into
account offspring sex and markers of socio-economic sta-
tus that might affect access to medical facilities.
2 | METHODS
Our study focuses on the predominately Maithili-
speaking Madhesi population, living across Dhanusha
and Mahottari districts in Province 2 of the lowland Terai
region of Nepal. The data come from the cluster random-
ized controlled (nonblinded) ”Low Birth Weight South
Asia Trial” (LBWSAT), conducted between 2013 and
2015 (Saville et al., 2016; Saville et al., 2018); Trial regis-
tration: ISRCTN75964374. This trial assessed the impact
of pregnancy interventions on birth weight and weight-
for-age z-score in children aged 0–16 months. The trial
protocol and main results are described elsewhere
(Saville et al., 2016; Saville et al., 2018; Style et al., 2017).
Briefly, all married women aged 10–49 years residing in
80 Village Development Committees (VDC) in the two
selected districts who had not had operative family plan-
ning, and whose husbands had not had vasectomy were
eligible to participate in the trial. A total of 64 000 eligible
women consented to menstrual monitoring, and 25 090
pregnant women were recruited into the trial (Saville
et al., 2018). Population clusters were randomized to one
of four arms: (a) Participatory Learning and Action
(PLA) behavior change approach in Women's Groups,
(b) PLA with unconditional cash transfers, (c) PLA with
a fortified blended food supplement, or (d) a control
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group who had access to usual Government of Nepal
health services.
Research ethics approval for the original trial was
obtained from the Nepal Health Research Council
(108/2012) and University College London (UCL)
Research Ethics Committee (4198/001). Consent for
inclusion of villages in the trial was obtained from VDCs.
Written consent was obtained from women regardless of
their age with guardians also consenting to participation
of married adolescents (<18 years of age). Additional eth-
ical approval for the secondary analysis was obtained
from UCL (0326/015), the University of Cambridge (1016)
and the Nepal Health Research Council (292/2018).
2.1 | Data collection
Questionnaires were administered verbally to pregnant
women by trained fieldworkers, using smartphones. Data
were collected on current age, age at marriage and first
pregnancy, education level of the woman and her hus-
band, caste and parity. Pregnancy refers to any concep-
tion that was detected by the woman, and included
miscarriages, abortions, stillbirths, or livebirths. Data col-
lection from each participant continued through the trial,
and was scheduled to cover late pregnancy, delivery, and
early infancy.
At the trial's endpoint, when children ranged in age
from birth to 22 months, a cross-sectional endpoint study
captured information on maternal and child anthropom-
etry and details of the delivery. At birth or endpoint, data
were obtained on place and type of delivery (including
episiotomy and cesarean delivery), offspring sex, and
birth outcomes. Our interest in these delivery outcomes
was focused on childbirth itself, rather than future health
issues. Data were also collected on where the birth
occurred (home, health institution, or on the way to an
institution). Obtaining data on childbirth complications
by maternal self-report is not ideal, as it may not accu-
rately reflect clinical diagnosis. Moreover, clinical criteria
may themselves be problematic, due to an inherent over-
reliance on physical markers of labor. Inadequate atten-
tion has been directed to the fact that labor is also sensi-
tive to the stress response, and may, therefore, vary
according to the forms of social support available
(Rutherford et al., 2019).
FIGURE 1 Conceptual diagram illustrating a life-history perspective on the “obstetrical dilemma,” whereby the physical traits of the
mother and the fetus that are relevant to the risk of childbirth complications reflect plastic responses to ecological conditions at different
stages of the life-course. The dimensions of the obstetric pelvis may be influenced by growth faltering in early life or adolescence, and may
also not have reached their final size if the mother reproduces early in adolescence. Conversely, the size of the offspring at birth is shaped by
maternal metabolism before/during pregnancy, proxied by maternal body mass index, which increases both with maternal age and with
greater life-course exposure to nutrition transition. Finally, in a population with high poverty levels, household financial status may also
influence access to medical facilities, should childbirth complications occur
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In this setting, women may receive assistance during
delivery from a wide variety of sources. Nepal introduced
a Skilled Birth Attendant (SBA) policy in 2006 to specifi-
cally address high maternal and neonatal mortality, as a
minority of birthing women were attended by health
workers (Paudel et al., 2019). To be considered a SBA in
Nepal the health worker must have attended specific
government-endorsed SBA training and usually auxiliary
nurse midwives (ANMs) and staff nurses receive this.
Compared with trained SBAs, more informally trained
Maternal and Child Health Workers and ANMs were less
effective in preventing maternal and neonatal deaths
(Paudel et al., 2019). The delivery questionnaire therefore
recorded the most skilled (or senior) health worker or
family member that assisted during the delivery, and also
asked the mothers whether they considered that a skilled
health worker was present or not.
A household wealth score was derived using principal
component analysis (see Supporting Information). Each
household was assigned a score based on the ownership
of 12 items, including a number of consumer goods (tele-
vision, bike, and computer), and household infrastruc-
ture, including source of drinking water, facilities for
toilets, materials for flooring, roof and walls, and access
to electricity and nonbiomass fuel use. The first principal
component had positive factor loadings for all 12 variables
and accounted for 30.2% of the variability, compared to
10.5 and 8.5% from the second and third principal com-
ponents, thus this score was taken as the marker of
wealth.
Maternal weight was measured both in early and late
pregnancy. Maternal height was measured in early preg-
nancy where possible, but at other time points if initially
missing. BMI was calculated from concurrent height and
weight measures where available, but otherwise using
the available height measurement regardless of timing.
Only a subsample (n = 7703) participated in the
assessment at the time of delivery. This subsample had
additional data collected on infant gestational age and
anthropometry, the mother's recall of duration of labor,
and whether the mother responded positively to the
statement that the “baby got stuck” as a marker of
obstructed labor. Offspring length, weight and head cir-
cumference were recorded within 72 h of delivery for
many, but data were also collected up to 42 days postpar-
tum if the birth weight window was missed.
2.2 | Data processing
Women's current age and age at marriage were recorded
as integer values in “running years,” that is, the year they
are running in rather than the year of age already
completed (y) and were then converted to completed
years (running years minus 1) for analysis. Due to small
numbers outside this range, we restricted analysis to
women aged 14–35 years inclusive, omitting 15 women
(0.1%) younger and 183 (0.9%) older than this age range.
Maternal age groups were then categorized as follows:
14–16 years, 17–20 years, 21–24 years, 25–28 years, and
29–35 years. Women's marriage age was categorized as a
categorical variable: <13 years, 13-15 years (childhood),
16–17 years (adolescence) or 18+ years (above legal age
of marriage or older). We excluded mothers of twins
(n = 145) and triplets (n = 1).
Educational attainment, recorded as the number of
years in school, was categorized for each parent
according to the structure of the education system in
Nepal: never went to school, primary/lower secondary, or
secondary/higher (Ministry of Education Nepal, 2016).
Caste affiliation was categorized as disadvantaged (Dalit,
Muslim), middle (Janjati, other Terai), or advantaged
(Yadav, Brahmin). The wealth score data were converted
into quintiles.
As some women gave birth to more than one infant
during the trial, we restricted the analysis to one preg-
nancy and one offspring per woman to ensure that mea-
sures were independent. The number of previous
pregnancies was categorized as 0, 1, 2, 3, or 4+. Births
were categorized using a questionnaire that permitted
one of the following responses: normal vaginal delivery,
manual manipulation, vacuum extraction, forceps, episi-
otomy, or cesarean section. In the case that manual
manipulation preceded other intervention the latter
intervention was recorded. In the subsample, the dura-
tion of labor was categorized as <24 or > 24 h, a conve-
nient marker of lengthy labor used in other studies in
Nepal (Rayamajhi et al., 2009). From the data on assis-
tance at delivery, we generated a binary variable, whether
a skilled health worker was present or not.
Neonatal anthropometric values were restricted to
those measured <8 days after birth. Maternal height was
categorized into three groups, using cutoffs for short stat-
ure of <145 cm (equivalent to the ~15th centile) and
145–148 cm (equivalent to the ~30th centile). Maternal
BMI was categorized into four groups in early (<19.0,
19.0–20.49, 20.5–21.99, 22+ kg/m2) and late (<21,
21–22.49, 22.5–23.99, 24+ kg/m2) pregnancy respectively,
to differentiate thinness, normal weight and lower and
upper levels of overweight.
2.3 | Statistical analysis
The magnitude of bias due to selective data collection
following delivery was assessed by comparing maternal
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characteristics for those with delivery data against those
lacking such data. Data summaries (frequencies and
percentages) were provided for all exposure and out-
come groups, as well as potential confounding
variables.
Deliveries by cesarean section or episiotomy were
considered the primary outcomes. Secondary outcomes,
due to the smaller sample size, were labor lasting >24 h
and obstructed labor. Exposures were maternal age
groups, using the oldest group as the reference; the num-
ber of previous pregnancies, using 4+ as the reference;
maternal short stature, using women >148 cm as the ref-
erence; and maternal BMI in late pregnancy, using
women <21 kg/m2 as the reference. Preliminary analysis
indicated that BMI in late pregnancy was more predictive
of birth outcomes than BMI in early pregnancy, and was
therefore preferred in the multivariable models described
below. Preliminary analyses also found paternal educa-
tion more predictive than maternal education, so pater-
nal education was used in final models.
Chi-squared tests were used to assess differences in
the frequency of adverse birth outcomes in association
with maternal age groups or the number of previous
pregnancies, and with the frequency of sons by maternal
anthropometric categories. The same approach was used
to assess age differences in the frequency of short stature,
or high BMI in early/late pregnancy.
In the subsample with available data, neonatal
anthropometry was compared across groups of maternal
age and the number of previous pregnancies. Each com-
ponent of neonatal size was also converted into approxi-
mate tertiles, using the following cut-offs: birth length
(cm) <47, 47–48.99, 49+; birth weight (kg) <2.6,
2.6–2.99, 3+; birth head circumference (cm) <32.5,
32.5–33.9, 34+. Chi-squared tests were used to assess dif-
ferences in the frequency of adverse birth outcomes in
association with different categories of birth size, how-
ever, this analysis was not undertaken for cesarean
section as the sample size for anthropometry among
those receiving this procedure was very low.
Correlations between maternal traits were tested
using Spearman's coefficients. Mean neonatal size was
described (mean, SD) across categories of maternal phe-
notype, and trends were analyzed fitting linear regression
models.
Data on neonatal head girth allow calculation of head
cross-sectional area and volume, based on two assump-
tions: that head circumference represents a circle, and
that head volume represents a sphere. On this basis, the
radius (r) of the circle (C), its cross-sectional area (A),
and the volume (V) of the associated sphere can be calcu-
lated using the formulae r= C2π , A = π × r
2, and
V = 43π × r
3.
Finally, multivariable logistic regression models were
fitted to investigate independent associations of the expo-
sures (maternal age, pregnancy number, height, and
BMI) with the two primary outcomes, taking into
account potential confounders (namely, education,
wealth, and offspring sex). Similar models were devel-
oped for the secondary outcomes in the subsample. Due
to the large amount of missing data on maternal BMI in
late pregnancy, we did not implement a multiple imputa-
tion procedure, and initial models included only mater-
nal height. Additional models tested the effect of adding
in maternal BMI for a complete-case scenario. We also
tested whether the trial arm was a significant covariate in
these models, adjusting for the cluster as a random effect.
All analyses were undertaken using SPSS 26 (IBM
Corp., Armonk, NY).
3 | RESULTS
There were differential levels of data capture at the differ-
ent study time-points, such that respondent numbers dif-
fer for given exposures and outcomes. The potential
biases resulting have been described in detail (Saville
et al., 2020) and are in all cases small in magnitude.
Among women within the eligible age range
(n = 24 414), data on the primary outcome, C-section,
were available for 19 103 (78.7%). Compared to those
with data, those with missing data (n = 5210) were
slightly younger (−0.8 years), wealthier (+0.19 wealth
score), more educated (+0.1 years), had slightly more
educated husbands (+0.1 years), and had been slightly
older at marriage (+0.3 years). However, while these dif-
ferences were all statistically significant, the magnitudes
of effect were in each case negligible relative to the span
in the population, so were not considered likely to affect
any of the subsequent analyses. There was no evidence
that height or BMI in early pregnancy varied in associa-
tion with missing data (p = .4). There was a trend to
higher BMI in late pregnancy in those missing data
(p = .075), however the magnitude of the effect was small
(+0.4 kg/m2).
A description of the 19 103 women (aged 14–35 years
inclusive) analyzed is given in Table 1. The majority
(~70%) were aged between 17 and 24 years. The median
age at first pregnancy was 17 (inter-quartile range 3)
years. Almost two thirds had no education at all, with
one fifth having attended primary/lower secondary
school, and only 15% secondary school or higher. Simi-
larly, almost half of all husbands were uneducated, and
only a quarter had either primary/lower secondary
school, or secondary school or higher, respectively. In
42% of households (8032), neither parent had any
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education. Over 40% of households were from the middle
caste grouping, with one-third being from the disadvan-
taged caste and one fifth from the advantaged caste.
Around one-third of the mothers were undergoing
their first pregnancy, with the majority of the others in
their second or third pregnancy. However, 8% of the sam-
ple had >4 previous pregnancies, with the maximum
being 10.
Overall, 59% of the women gave birth at home, while
40% delivered at a health institution, and 1% on the way
to such an institution. The majority of the women (81%)
had a vaginal delivery, with 8.1% having an episiotomy
and another 7.6% a cesarean section. The vast majority of
surgical operations (cesareans 98.7%; episiotomies 98.1%)
were undertaken at a health institution. In the subsample
of 6305 women with more detailed data about delivery,
18.4% had experienced labor for more than 24 h, and
14.6% recorded that the “baby got stuck” during delivery.
Home births accounted for 34.7% and 36.3% of those
involving labor >24 h and obstructed labor, respectively.
The vast majority of episiotomies (94.4%) and cesar-
ean sections (93.0) occurred in births where a Skilled
Health Worker was present, however around a quarter of
births characterized by lengthy duration of labor (26.9%)
and obstructed labor (22.5%) occurred in the absence of a
skilled attendant. The proportion of births where a
Skilled Health Worker was present increased in associa-
tion with both maternal and paternal education
(Table S1).
A subsample of 7703 women had data on assistance
during delivery. Those with such data were slightly taller
(0.1 cm) and poorer (−0.1 wealth score) than those miss-
ing data, and were less likely to have delivered in a
health institution (odds ratio [OR] 0.93, 95%CI 0.91,
0.95), but there was no difference in age. Among these
women, there was wide variability in who assisted most
at delivery (Table 2). The main source of help differed sig-
nificantly according to the location of birth, with medical















Never went to school 12 394 64.9
Primary/lower secondary 3820 20.0
Secondary or higher 2824 14.8
Husband's education
Never went to school 9239 48.5
Primary/lower secondary 5201 27.3
Secondary or higher 4598 24.2
Caste
Dalit/Muslim disadvantaged 6763 35.4











Home 11 290 59.1
Health institution 7588 39.7
On the way to health institution 225 1.2
Type of delivery
Normal vaginal delivery 15 566 81.5




Cesarean section 1449 7.6
TABLE 1 (Continued)
n %
Labor >24 h (subsample of 6305)
No 5143 81.6
Yes 1162 18.4
Baby got stuck (subsample of 6305)
No 5386 85.4
Yes 919 14.6
aMissing data n = 53.
bMissing data n = 2658.
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personnel (doctor, nurse, ANM) restricted almost entirely
to health institutions (>90%). The vast majority of episiot-
omies (96.9%) and cesareans (99.5%) were undertaken
where a doctor, staff nurse, or ANM was the main source
of help during delivery.
Women in the subsample for more detailed birth out-
comes were poorer (−0.1 wealth score) and shorter
(−0.3 cm) but did not differ in age or BMI in early or late
pregnancy compared to those missing this assessment.
Women in the subsample were less likely to have had an
episiotomy (7.0 vs. 8.6%, p < .0001) or cesarean delivery
(5.4 vs. 8.7%, p < .0001) compared to those missing this
assessment. In the subsample, labor >24 h was associated
with an increased risk of episiotomy (OR 4.20, 95%CI
3.44, 5.13), cesarean section (OR 5.24, 95%CI 4.19, 6.56)
and with an increased risk of obstructed labor (OR 3.98,
95%CI 3.42, 4.63).
Table 3 presents correlations between maternal traits.
Household wealth, education of both the mother and her
husband, and height all correlated negatively with age,
BMI positively. Anthropometric outcomes correlated pos-
itively with education of both mother and her husband.
Height correlated inversely with BMI, though not signifi-
cantly so in late pregnancy, while there was a strong cor-
relation as expected between BMI in early and late
pregnancy.
Overall, mean height in the sample was 150.5
(SD 5.4) cm, while mean BMI was 20.9 (SD 2.4) kg/m2 in
early pregnancy and 22.6 (SD 2.5) kg/m2 in late preg-
nancy. The trends of these variables with age are shown
in Figure 2. Those aged 14–15 years were ~0.5 cm
shorter than those aged 16–22 years. From the latter age,
height showed a small, non-significant decline with
increasing age, indicating a secular increase over the last
two decades of +0.3 cm (95%CI −0.1, 0.8) per decade.
BMI was likewise lower in women aged 14–15 years in
early pregnancy (−0.6 kg/m2, 95%CI −1.3, 0), however
from 16 years to 28 years there was little variability.
Those aged 29+ years tended to be heavier in early preg-
nancy (0.6 kg/m2, 95%CI 0.2, 0.9) than those aged
16–28 years. In late pregnancy, there was less of an asso-
ciation with age, and differences of those aged
14–15 years (−0.1 kg/m2, 95%CI −0.8, 0.5) and those
aged 29+ years (0.3 kg/m2, 95%CI −0.1, 0.6) relative to
those aged 16–28 years did not reach significance. Over-
all, age explained <1% of the variability in each of these
physical characteristics.
Table 4 presents neonatal anthropometry stratified by
categories of maternal phenotype. All three components
of neonatal size broadly increased in association with
maternal age, the number of previous pregnancies, height
and BMI in both early and late pregnancy. The frequency
of delivering sons was significantly greater in association
with taller maternal height (p = .013) and heavier early
pregnancy BMI categories (p = .04) but not with heavier
late pregnancy BMI categories (Table S2). Birth size
showed no significant trend with the frequency of episiot-
omy, whereas the frequencies of lengthy duration of
labor and obstructed labor increased in association with
birth length, weight, and head circumference (Table S3).
Delivery outcomes are compared by maternal traits in
univariable analyses (Table S4). Among the whole sam-
ple, all adverse birth outcomes became significantly less
common with increasing maternal age. A similar pattern
was evident for parity, with first-time mothers most
affected by adverse outcomes. However, when the analy-
sis was restricted to first-time mothers only, the age-
associations changed. The rate of episiotomy still
declined with age, whereas the rate of cesarean increased,
while long labor and obstructed labor now showed no
trend. Figure 3 plots the rate of episiotomies, cesarean
delivery and other procedure (forceps or ventouse) by age
group. Combining these three outcomes as a composite
indicator of childbirth complications, 28.8% of the youn-
gest group underwent one of the two operations, in com-
parison with 9.3% of the oldest group. However, the
number of previous pregnancies was very strongly associ-
ated with maternal age group, with 92.2% of women aged
14–16 years, but only 5.8% of women aged 29+ years,
delivering for the first time (Table S5). This emphasizes
the need to disentangle associations of childbirth
TABLE 2 Distribution of main delivery attendants
n %
Doctor 1004 13.0
Staff nurse 1385 18.0




Maternal and child health workers/
village health worker
61 0.8




Mother in law 842 10.9




Village practitioner 386 5.0
Shaman 3 0.0
Nobody assisted 364 4.7
Note: Subsample of 7703 women interviewed between 0 and 42 days after
delivery.
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outcomes with age and parity. Regarding physical traits,
short women and those with higher BMI in early preg-
nancy were more likely to have a cesarean delivery. In
late pregnancy, higher BMI was associated not only with
greater likelihood of cesarean delivery, but also of
obstructed labor, and there was suggestive evidence of a
similar association for episiotomy.
Among mothers who reported lengthy or obstructed
labor, only a small minority had either an episiotomy or
a caesarean, nevertheless they were four to five times
more likely to have surgical intervention compared to
those who did not report lengthy or obstructed labor
(Table S6).
Multivariable logistic regression models for the pre-
diction of episiotomy and cesarean delivery are given in
Table 5. Due to the low sample size available for BMI in
pregnancy, this variable was initially excluded from the
models. When husband's education was included in
models, associations for maternal education were non-
significant, hence only husband's education was retained.
However, maternal education showed broadly similar
associations.
Among 14 261 women with complete data, the model
showed that the likelihood of undergoing episiotomy
was greater in younger mothers (≤20 years), and those
experiencing their first or second pregnancy. Conversely,
the likelihood was lower among women with
uneducated husbands, and in those with lower house-
hold wealth than the wealthiest group. For those with
height 145–147.99 cm and < 145 cm, episiotomy risk
was only slightly and not significantly increased. This
model explained 16.6% of the variance in the outcome.
When BMI in late pregnancy was added to the model,
the sample size was substantially reduced (n = 2573),
and high BMI was not a significant predictor of episiot-
omy risk (Table S7), nor was neonatal size predictive
(Table S8).
For cesarean delivery, the outcome was significantly
more likely to occur in those experiencing their first or
second pregnancies, if the infant was a boy, and if the
mother was short, with the likelihood greater among
those <145 cm and 145–147.99 cm relative to those
<148 cm. However it was less likely to occur in younger
mothers (<24 years), once these other variables were
TABLE 3 Correlations between maternal traits
Wealth Education Husband's education Height BMI early pregnancy BMI late pregnancy
Age −0.11 −0.28 −0.16 −0.02 0.06 0.04
Wealth 0.40 0.42 0.13 0.09 0.10
Education 0.54 0.12 0.04 0.05
Husband's education 0.11 0.05 0.07
Height −0.10 −0.02
BMI early pregnancy 0.75
Note: All correlations significant p < 0.05 except between height and BMI in late pregnancy.
FIGURE 2 Mean and standard error for (A) maternal height and (B) maternal body mass index (BMI) in early and late pregnancy, by
maternal year of age
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controlled for. Cesarean delivery was also less likely
among those whose husbands had no education or low
education levels, and the lower the wealth quintile, the
lower the likelihood of having a cesarean. This model
explained 6.2% of the variance in the outcome. When
BMI in late pregnancy was added to the model, in the
smaller sample of 2573 (Table S7) being in the highest
BMI category was associated increased cesarean risk
(OR 1.88, 95%CI 1.22, 2.90).
Similar models were constructed for labor >24 h and
obstructed labor (Table 6). For obstructed labor
(n = 5185), the main model showed that the outcome
was more likely among those experiencing their first
pregnancy and those with height < 145 cm. The risk of
obstructed labor was reduced among women whose hus-
bands were uneducated, but there was no association
with maternal age or household wealth. This model
explained only 3.3% of the variance in the outcome.
TABLE 4 Neonatal anthropometric traits stratified by maternal age group and parity
Maternal trait
Birth weight (kg) Birth length (cm) Birth head circumference (cm)
Mean (SD) Mean (SD) Mean (SD)
Age (years)
14–16 2.63 (0.40) 47.9 (2.8) 33.0 (1.6)
17–20 2.76 (0.42) 47.6 (2.6) 33.3 (1.4)
21–24 2.86 (0.41) 48.1 (2.6) 33.5 (1.4)
25–28 2.86 (0.43) 48.0 (2.7) 33.5 (1.5)
29–35 2.84 (0.43) 48.1 (2.7) 33.8 (1.4)
p-value <.0001 <.0001 <.0001
Number of previous pregnancies
0 2.69 (0.42) 47.3 (2.2) 33.2 (1.5)
1 2.84 (0.42) 47.9 (2.1) 33.4 (1.4)
2 2.87 (0.42) 48.1 (2.2) 33.5 (1.4)
3 2.89 (0.44) 48.2 (2.2) 33.6 (1.4)
4+ 2.87 (0.43) 48.2 (2.2) 33.6 (1.5)
p-value <.0001 <.0001 <.0001
Stature (cm)
<145 2.66 (0.42) 47.1 (2.6) 33.1 (1.5)
145–147.99 2.76 (0.46) 47.5 (2.6) 33.3 (1.5)
148+ 2.85 (0.42) 48.1 (2.6) 33.5 (1.4)
p-value <.0001 <.0001 <.0001
BMI early pregnancy (kg/m2)
<19 2.75 (0.46) 47.2 (2.3) 33.1 (1.5)
19–20.49 2.72 (0.42) 47.2 (2.0) 33.2 (1.5)
20.2–21.99 2.84 (0.45) 47.9 (2.0) 33.6 (1.5)
22+ 2.90 (0.43) 48.0 (2.0) 33.5 (1.4)
p-value <.0001 <.0001 <.0001
BMI late pregnancy (kg/m2)
<21 2.71 (0.46) 47.3 (2.0) 33.0 (1.3)
21–22.49 2.77 (0.40) 47.9 (2.0) 33.5 (1.4)
22.5–23.99 2.85 (0.42) 47.9 (2.1) 33.5 (1.3)
24+ 2.97 (0.54) 48.3 (2.2) 33.8 (1.4)
p-value <.0001 <.0001 <.0001
Note: p-value for trend by regression analysis. For maternal age and parity, n = 4135. For anthropometric correlations, n = 3292 for maternal height, n = 939
for early pregnancy BMI, and n = 1201 for late pregnancy BMI.
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When BMI in late pregnancy was included (n = 1759;
Table S9), all groups higher than the thinnest group dem-
onstrated increased risk compared with those with higher
BMI in late pregnancy, and this model explained 6.1% of
variance in the outcome. When the three components of
neonatal size were added to the model, birth weight was
a significant predictor: each additional kilogram
increased the odds of obstructed labor nearly 2.5 times
(OR = 2.42, 95% CI 1.35, 4.35), however there was little
change in the OR for maternal BMI, indicating that the
association of maternal BMI was not mediated by neona-
tal size (Table S8).
For labor >24 h, the main model demonstrated no
significant predictors (Table 6), however when maternal
BMI was added, the highest BMI category was associated
with an increased risk (OR 1.40, 95%CI 1.01, 1.94;
Table S9). When neonatal size was additionally added,
each additional cm of head girth was associated with an
increased risk (OR 1.37, 95%CI 1.06, 1.78; Table S10).
Additional models compared the effects of including
maternal BMI (and where relevant, neonatal anthropom-
etry) or not, only in the women who had complete data
(Tables S11–14). For episiotomy, cesarean section and
lengthy labor, the change in the proportion of variance in
the outcome explained was negligible. However, for
obstructed labor, the inclusion of maternal and neonatal
anthropometry increased the Nagelkerke r2 value from
6.4 to 9.6%. When trial group was included in the models,
adjusting for the cluster, it showed no significant associa-
tions with our outcomes of interest, while other coeffi-
cients changed negligibly. Therefore there was no
indication that the intervention had shaped childbirth
outcomes.
A schematic diagram summarizing the associations
for all four birth outcomes is given in Figure 4. For episi-
otomy, cesarean section and obstructed labor, the major-
ity of the associations where significant were consistent
regarding the direction of risk but differed in their signifi-
cance, the one exception being maternal age which
showed more divergent associations. In contrast, the
duration of labor showed much weaker associations.
4 | DISCUSSION
In a population where it remains the norm for women to
commence reproduction during adolescence, and where
chronic under-nutrition is now interacting with the nutri-
tion transition, we identified several risk factors for
selected childbirth complications, mainly connected to
obstructed labor and related interventions. These risk fac-
tors broadly showed consistent patterns of risk for episi-
otomy, cesarean section and obstructed labor, though
there was heterogeneity regarding age-associations. In
contrast, associations with labor >24 h were relatively
weak and showed limited consistency with the other out-
comes except for birth size, suggesting that the underly-
ing pattern of risk is different. We therefore focus the
remainder of this discussion on the risks of episiotomy,
cesarean section and obstructed labor.
Our analysis draws on an evolutionary framework
that focuses on different components of phenotypic plas-
ticity. For decades, the primary evolutionary approach to
human childbirth emphasized a generic challenge for all
humans, namely, antagonistic selective pressures acting
on the dimensions of the maternal pelvis and the fetal
head (Washburn, 1960). This approach has been cri-
tiqued (Dunsworth et al., 2012; Walrath, 2003; Warrener
et al., 2015; Wells et al., 2012), and a fresh evolutionary
perspective is focusing on how phenotypic variability
among individuals and populations mediates the rela-
tionship between adaptation to ecological conditions and
childbirth complications (Wells, 2015; Wells et al., 2012).
This approach treats the obstetrical dilemma as a “more-
or-less scenario,” driven by individual-level differences in
traits that affect the “coordination” of maternal and neo-
natal phenotypes. Life history trade-offs related to
growth, defense, and reproduction may impact relevant
physical dimensions of both mother and fetus
(Casanueva et al., 2006; Onagoruwa & Wodon, 2018; Rah
et al., 2008; Rosenberg, 1988). For example, a high infec-
tious disease load in early life might elicit increased
energy allocation to immune defense, at a cost to growth,
decreasing the size of the obstetric pelvis; similarly, early
marriage may maximize women's fertility but lead to
childbirth typically commencing when the dimensions of
FIGURE 3 Prevalence of episiotomy, cesarean section, or
other procedure (forceps or vacuum extrcation) by maternal age
group
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the pelvis are still increasing (Sharma et al., 2016). In the
current analysis, we investigated both physical and
demographic aspects of maternal phenotype, along with
several markers of childbirth complications, while also
taking into account how poverty may constrain access to
healthcare facilities. Our analysis sheds new light on vari-
ability in childbirth experience in rural agricultural
societies.
The risks of all three childbirth complications were
increased among mothers undergoing their first preg-
nancy, and this also applied to those in their second
pregnancy for episiotomy and cesarean section. These
associations should therefore be taken into account
when considering risk-associations with age. Among
first-time mothers only, the crude rate of episiotomy
declined with age, whereas that of cesarean
section increased. Obstructed labor showed a trend to
increased risk in younger mothers that was not signifi-
cant, probably due to the reduced sample size. In the
adjusted models, these patterns persisted. Since they
were independent of household wealth and education
levels, these associations indicate that difficulty deliver-
ing the neonate tends to be addressed with a more minor
surgical procedure in younger mothers, whereas a more
TABLE 5 Multivariable logistic regression models of the risk of episiotomy or cesarean section
Episiotomy (n = 14 261) Cesarean section (n = 14 261)
Nagelkerke r2 = .166 Nagelkerke r2 = .062
OR 95%CI p-value OR 95%CI p-value
Maternal age (years)
14–16 1.89 1.16, 3.08 .011 0.55 0.38, 0.78 .001
17–20 1.68 1.05, 2.68 .030 0.57 0.42, 0.77 .0001
21–24 1.27 0.79, 2.04 .3 0.64 0.48, 0.85 .002
27–28 0.90 0.53, 1.53 .7 0.88 0.65, 1.17 .3
29+ (ref) 1.0 – – 1.0 – –
Previous pregnancies
0 10.08 5.45, 18.66 <.0001 3.03 2.15, 4.27 <.0001
1 2.68 1.44, 5.00 .002 1.89 1.34, 2.65 <.0001
2 1.32 0.69, 2.51 .3 1.03 0.73, 1.45 .8
3 0.98 0.48, 2.00 .9 1.00 0.70, 1.43 .9
4+ (ref) 1.0 – – 1.0 – –
Husband's education
None 0.72 0.61, 0.86 <.0001 0.61 0.52, 0.72 <.0001
Primary/low secondary 0.87 0.73, 1.03 .1 0.74 0.63, 0.88 <.0001
Secondary (ref) 1.0 1.0 – –
Wealth quintile
1 0.77 0.61, 0.97 .028 0.42 0.33, 0.54 <.0001
2 0.80 0.65, 0.99 .042 0.65 0.53, 0.80 <.0001
3 0.74 0.60, 0.91 .004 0.67 0.55, 0.81 <.0001
4 0.82 0.67, 0.99 .038 0.81 0.67, 0.96 .018
5 (ref) 1.0 – – 1.0 – –
Offspring sex
Female (ref) 1.0 – – 1.0 – –
Male 1.07 0.94, 1.22 .2 1.23 1.08, 1.40 .001
Maternal stature (cm)
<145 1.08 0.89, 1.30 .4 2.08 1.76, 2.44 <.0001
145–147.99 1.18 0.99, 1.41 .063 1.38 1.16, 1.64 .001
148+ (ref) 1.0 – – 1.0 – –
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invasive option tends to be used in older mothers. How-
ever, the use of cesareans may not always relate to
obstructed labor, as other complications such as hyper-
tension and ante-partum hemorrhage are also more com-
mon in older mothers (Chakraborty et al., 2003; Mehari
et al., 2020).
Mothers from poorer households, and those whose
husbands were uneducated, had a reduced likelihood of
undergoing either episiotomy or cesarean section,
suggesting that they may have been less able to access
these medical facilities, or pay for these procedures,
though they might also have less knowledge about their
availability and how to access them. Similarly, mothers
who had less education, or whose husbands had less edu-
cation, were less likely to benefit from the presence of a
SBA. Despite national legislation promoting SBAs, the
source of assistance varied widely during delivery and
this was associated with the availability of medical proce-
dures, as was the case in the early 20th century in high-
income countries (Reid, 2011; Reid, 2012). However, the
risk of obstructed labor did not itself vary across the
wealth quintiles. This suggests that wealth differences
did not account for variability in this particular cause of
childbirth complications, and instead wealth predicted
variability in the treatment provided. It is not clear why
the risk of obstructed labor was reduced among women
TABLE 6 Multivariable logistic
regression models of the risk of lengthy
labor or obstructed labor
Labor >24 h (n = 5185) Obstructed labor (n = 5185)
Nagelkerke r2 = .016 Nagelkerke r2 = .033
OR 95%CI p-value OR 95%CI p-value
Maternal age (years)
14–16 1.00 0.67, 1.50 .9 1.29 0.84, 1.99 .2
17–20 1.06 0.76, 1.47 .7 1.07 0.74, 1.55 .7
21–24 1.02 0.75, 1.40 .8 0.95 0.67, 1.34 .7
27–28 0.90 0.65, 1.25 .5 0.80 0.55, 1.15 .2
29+ (ref) 1.0 – – 1.0 – –
Previous pregnancies
0 1.45 0.99, 2.04 .054 1.41 0.95, 2.10 .089
1 1.02 0.72, 1.45 .9 0.84 0.56, 1.24 .3
2 0.92 0.65, 1.29 .6 0.78 0.53, 1.14 .1
3 0.88 0.61, 1.27 .4 0.82 0.55, 1.23 .3
4+ (ref) 1.0 – – 1.0 – –
Husband's education
None 0.91 0.75, 1.10 .3 0.79 0.64, 0.98 .031
Primary/low secondary 1.03 0.84, 1.25 .7 0.95 0.77, 1.18 .6
Secondary (ref) 1.0 – – 1.0 – –
Wealth quintile
1 0.85 0.66, 1.09 .1 0.95 0.72, 1.25 .7
2 0.83 0.66, 1.06 .1 0.91 0.70, 1.18 .4
3 0.82 0.65, 1.03 .089 0.99 0.77, 1.27 .9
4 1.01 0.81, 1.26 .9 0.96 0.75, 1.22 .7
5 (ref) 1.0 – – 1.0 – –
Offspring sex
Female (ref) 1.0 – – 1.0 – –
Male 1.00 0.87, 1.16 .9 1.18 1.01, 1.38 .041
Maternal stature (cm)
<145 1.06 0.87, 1.30 .5 1.31 1.07, 1.62 .011
145–147.99 1.07 0.88, 1.29 .5 1.10 0.89, 1.36 .3
148+ (ref) 1.0 – – 1.0 – –
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whose husbands were uneducated. The association dis-
appeared following adjustment for maternal BMI, this
may reflect either that these women were thinner, or
simply the reduced sample size.
Both cesarean section and obstructed labor were sig-
nificantly more likely to occur among mothers of sons,
compared to daughters, though the association was wea-
ker for episiotomy and did not achieve significance. This
pattern of risk may relate to the larger average birth size
of sons, and is consistent with other studies (Lieberman
et al., 1997; Wells et al., 2018). However, while the associ-
ations with sex lost significance when birth size was
entered in the model for cesarean delivery, this was not
the case for obstructed labor. One possible explanation
could be a socio-cultural preference for different surgical
interventions depending on the sex of the child, however,
we lack evidence to confirm this hypothesis. Although
sex determination during pregnancy is illegal in Nepal,
many mothers nevertheless do determine the sex of the
fetus and sex-selective abortion is becoming more com-
mon (Frost et al., 2013). Males are also more prone to
fetal distress (Bekedam et al., 2002), hence interventions
might be made earlier during labor, even if the sex of the
offspring is not yet known. Alternatively, we may lack
relevant information on birth size. Shoulder dystocia is a
common cause of childbirth complications (Ezegwui
et al., 2011; Ju et al., 2009), and it is possible that male
neonates have wider shoulders and are more prone to
obstructed labor than females, even when weight, length
and head circumference are taken into account.
The probability of having a son was significantly
greater in mothers who were taller and heavier in early
pregnancy, though no such association was apparent for
BMI in late pregnancy. The “Trivers-Willard” hypothesis
is often invoked to explain a higher frequency of daugh-
ters among less well-nourished mothers (i.e., that
mothers in poor condition should prioritize investment
in daughters; Trivers & Willard, 1973). However, an alter-
native explanation might be that shorter mothers are
poorer and less educated, and thereby less likely to pay
for sex-determination and sex-selective abortion of their
female fetus prior to term (Frost et al., 2013).
Short mothers had an increased risk of cesarean
section and obstructed labor. The pattern was weaker for
episiotomy, being significant for the middle group of
height but not the shortest group. These findings are
broadly consistent with numerous other studies from dif-
ferent geographical regions showing higher rates of child-
birth complications among shorter women (Amoa
et al., 1997; Desai et al., 1989; Sokal et al., 1991;
Wells, 2017), and is supported by recent work showing
that reduced tibia length, a marker of growth variability
in early life, predicts smaller pelvic dimensions in adult
South Asian women (Shirley et al., 2020). Importantly,
other analyses on this cohort have shown that both early
marriage and early childbearing are associated with
shorter height in this population, indicating trade-offs
between skeletal growth and early reproduction
(Marphatia et al., 2021). The finding that independent of
early childbearing, early marriage is also associated with
lower adult height suggests either that early marriage is
associated with reduced access to food for young women
in the marital household (Harris Fry et al., 2018); or that
it is associated with psychosocial stress, where activation
FIGURE 4 Schematic diagram
summarizing the direction and
significance of associations between
maternal biological, demographic,
and socio-economic traits with the
risk of four markers of childbirth
complications
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of the energy-costly stress response might itself reduce
the energy available for adolescent growth (Marphatia
et al., 2021).
High maternal BMI increased the risk of cesarean
section and obstructed labor, however, the effect was
weaker for episiotomy and did not reach significance. We
detected no increased risk of childbirth complications in
the thinnest group of mothers, suggesting that it is
heavier women producing larger babies, rather than slim-
mer women who could be expected to have smaller pelvic
dimensions, who are most at risk. We did not have data
on gestational diabetes in this cohort, however this condi-
tion could amplify any effects of high maternal BMI on
birth weight, as was demonstrated in a similar analysis in
India (Wells et al., 2018). Associations of maternal BMI
with childbirth complications might be mediated by neo-
natal size. For example, a previous study in Guatemala
found that the highest risk of cesarean delivery occurred
when infants with large head circumference were born to
mothers of short stature (Merchant et al., 2001), while a
study in Mexico found that both higher birth weight and
short maternal height predicted cephalo-pelvic dispropor-
tion (Mendez-Dominguez et al., 2020). In our study,
maternal BMI and neonatal weight were identified as
independent predictors, but there is some consistency
between the studies as estimated neonatal head cross-
sectional area of the highest maternal BMI group was
4.8% greater than in the lowest group, which translates
into a 7.2% difference in head volume. These associations
highlight the heightened trade-off between fetal invest-
ment in brain growth and maternal mortality risk from
childbirth complications, in women of higher BMI who
invest more in their offspring.
One surprising finding was that neither maternal
height nor BMI during pregnancy increased substantially
after the age of 17 years, though there was a modest trend
of increasing BMI with age throughout the adult age
range. Mothers aged <16 years were ~ 0.5 cm shorter
and ~ 0.6 kg/m2 lighter, but the magnitudes of these
effects were modest. This contrasts notably with analysis
of recent DHS data from India, where maternal height
showed a maximum value at 30 years (Wells et al., 2018).
Other studies in India support the notion that linear
growth continues well into the third decade
(Satyanarayana et al., 1981; Satyanarayana et al., 1989),
and it is not clear why the same pattern is not evident in
this sample from Nepal.
If childbirth is a coordination problem, then maternal
overweight appears the most disruptive challenge, and
could potentially be addressed by interventions. Increas-
ing BMI in these women is likely to be strongly associ-
ated with elevated adiposity, though we do not have
direct evidence for this. However, the levels of BMI
associated with increased childbirth complications in this
population are very modest compared to published litera-
ture (Wells, 2017), where the thresholds for assessing risk
are conventionally BMI > 25 or > 30 kg/m2, hence fur-
ther work would be needed to identify how such inter-
ventions might be developed and targeted.
Importantly, however, the “coordination problem”
may also be sensitive to social context. There is growing
understanding that traditional birthing practices, such as
delivering while standing or squatting, may promote
uncomplicated births (Stone, 2016; Veile &
Kramer, 2018). A recent analysis across three generations
of Mayan mothers in Mexico found that declines across
generations in the use of traditional practices, associated
with the increasing medicalization of childbirth, were
accompanied by an increase in childbirth complications,
and yet no change in infant mortality rate (Veile &
Kramer, 2018). In our population, the likelihood of hav-
ing a surgical intervention was very strongly determined
by whether the birth was at home or in an institution.
Whether differences in social support contribute to such
differences is an important topic for further research.
More generally, our findings for physical components
of maternal phenotype are broadly consistent with a pre-
vious analysis of Indian data, where both short stature
and maternal high BMI increased the risk of cesarean
section, while low parity and male offspring also
increased the risk (Wells et al., 2018). Adolescent child-
bearing is well established to increase the risks of adverse
birth outcomes (Ganchimeg et al., 2014) but our analysis
adds to growing evidence that this is partly explained by
the fact that such mothers tend to be reproducing for the
first or second time.
Our findings provide support for our evolutionary
framework, demonstrating that the risk of childbirth
complications is associated with variability in both mater-
nal and fetal traits that, in turn, can be seen to reflect the
consequences of life history trade-offs. Lower energy allo-
cation to growth, and more energy allocation to energy
stores, both increase the risk of childbirth complications,
and these risks also increase in first-time mothers, who
are generally of young age and who may not have com-
pleted pelvic growth. Producing male offspring is also
more risky, which may in part reflect the larger physical
dimensions of male neonates. These associations were all
independent of markers of wealth and education, which
are likely to be important determinants of access to medi-
cal care in this population.
Strengths of the study include the large sample size
(though this was substantially attenuated in the multivar-
iable models, especially so in the analysis of labor), and
the availability of information on several different
markers of childbirth complications. Previous research
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has relied on cesarean delivery as a marker of obstructed
labor, whereas here we were able to analyze this outcome
directly, albeit depending on self-report. Another
strength is the rare opportunity to analyze data from a
vulnerable population, where early childbearing is com-
mon, and women suffer from very low levels of empow-
erment, as well as low wealth and education levels. The
study provided detailed data on nutritional status and
birth outcomes among women in a society where they
are largely confined to the home, and where the majority
(59%) also delivered at home.
Limitations include missing data. There was no evi-
dence that this resulted in any substantial bias, but some
of those missing might have died in childbirth or soon
after, and such women would be unlikely to be randomly
distributed across the independent variables we investi-
gated. Also, we lacked information on the prevalence of
maternal or neonatal birth injuries, and whether either
episiotomy or cesarean section were actually justified by
medical need. Similarly, we focused on indications of
complicated labor without considering how they might
predict later morbidity. Nor did we include neonatal mor-
tality as an outcome, as we propose to analyze mortality
patterns in this cohort separately. We therefore recom-
mend that future studies should collect more data both
on immediate birth injuries (e.g.: fistula, tears) and their
longer-term consequences such as social exclusion.
Although difficult in such studies, it would be valuable to
improve follow-up of neonatal mortality.
More generally, our study is limited by the difficulty of
assessing how well our outcomes indexed physical difficul-
ties during delivery. On the one hand, we relied on mater-
nal self-report, which may be relatively accurate for
cesarean and episiotomy, but not necessarily so for
lengthy or obstructed labor, and our questionnaire was
not validated. Second, even clinical decisions are not nec-
essarily well-informed about the underlying birth process,
which is sensitive to social context through the mediating
mechanism of the stress response (Rutherford et al., 2019).
5 | CONCLUSIONS
In summary, our analysis has shown that adverse child-
birth outcomes are concentrated among those experienc-
ing their first or second pregnancy, and those who are
short and of high BMI. Overall, younger mothers were at
higher risk, but the pattern of risk also depended on the
birth outcome. These findings took into account the fact
that mothers who were poorer or who had uneducated
husbands were less likely to undergo surgical procedures,
potentially indicating inadequate information on, knowl-
edge of, or access to the necessary facilities. Our results
add to growing evidence that the risk of childbirth com-
plications varies in association with maternal traits that
in turn are shaped by both external ecological and socio-
ecological conditions (Wells et al., 2012). Our study dem-
onstrates the value of using an evolutionary framework,
by showing how the experience of childbirth is shaped by
several different components of phenotype, each of which
may be considered to represent the outcome of life his-
tory trade-offs between fertility, growth and defense
(diverting energy to either immune function or the stress
response). In turn, this approach helps understand why
increasing maternal BMI, in association with nutrition
transition, is likely to increase the prevalence of child-
birth complications in a population where short stature
remains common due to factors constraining skeletal
growth.
In South Asia, it is near-universal for marriage to pre-
cede childbearing (Marphatia et al., 2017), and early mar-
riage may therefore represent a key marker of risk for
childbirth complications. However, we have shown that
the adverse risks of giving birth in adolescence are partly
mediated by low parity, hence to some extent delaying
childbirth to later age might simply push these risks for-
ward in time, though other risks may remain. Age at
marriage, and hence at first childbirth, therefore appears
to index a balance of competing risks, and further work
is needed to understand the full implications of early
marriage for childbirth.
ACKNOWLEDGMENTS
We gratefully acknowledge funding from the Leverhulme
Trust (RPG-2017-264). We are grateful to the women and
their families for participating in the LBWSAT, and to
the Dhanusha and Mahottari District Public Health
Offices in Nepal for supporting implementation of the
trial. We thank the staff of Mother and Infant Research
Activities (MIRA) who facilitated the LBWSAT data col-
lection, the data collection team, and the team at Univer-
sity College London Institute for Global Health for their
support (see Saville and others [2018] for list of names
and roles). This research benefitted from funding
awarded to the NIHR Great Ormond Street Hospital Bio-
medical Research Centre. The study sponsors played no
part in the design, data analysis, and interpretation of
this study; the writing of the article or the decision to
submit the paper for publication, and the authors' work
was independent of their funders. The views expressed
are those of the authors and not necessarily those of the
NHS, the NIHR, or the UK Department of Health.
AUTHOR CONTRIBUTIONS
Jonathan Wells: Conceptualization; formal analysis;
funding acquisition; investigation; methodology; writing-
WELLS ET AL. 17 of 20
original draft; writing-review and editing. Akanksha
Marphatia: Conceptualization; writing-review and
editing. Dharma Manandhar: Conceptualization;
funding acquisition; project administration; writing-
review and editing. Mario Cortina Borja: Formal analy-
sis; funding acquisition; methodology; writing-original
draft; writing-review and editing. Alice Reid: Conceptu-
alization; formal analysis; funding acquisition; writing-
original draft; writing-review and editing. Naomi
Saville: Conceptualization; data curation; formal analy-
sis; funding acquisition; investigation; project administra-
tion; writing-original draft; writing-review and editing.
CONFLICT OF INTEREST
All authors declare no conflict of interest.
DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available
on request from the corresponding author. The data are not
publicly available due to privacy or ethical restrictions.
ORCID




Aguiar, M., Farley, A., Hope, L., Amin, A., Shah, P., & Manaseki-
Holland, S. (2019). Birth-related Perineal trauma in low- and
middle-income countries: A systematic review and meta-analy-
sis. Maternal Child Health Journal, 23(8), 1048–1070.
Alves, J. G., Siqueira, L. C., Melo, L. M., & Figueiroa, J. N. (2013).
Smaller pelvic size in pregnant adolescents contributes to lower
birth weight. International Journal of Adolescent Medicine and
Health, 25(2), 139–142.
Amoa, A. B., Klufio, C. A., Arua, S., Kariwiga, G., & Wurr, F.
(1997). A case-control study of primary caesarean section at the
Port Moresby General Hospital, Papua New Guinea, to identify
epidemiological predictors of abdominal delivery. Papua New
Guinea Medical Journal, 40(3–4), 119–126.
Bekedam, D. J., Engelsbel, S., Mol, B. W., Buitendijk, S. E., & van
der Pal-de Bruin, K. M. (2002). Male predominance in fetal dis-
tress during labor. American Journal of Obstetrics and Gynecol-
ogy, 187(6), 1605–1607.
Betti, L., & Manica, A. (2018). Human variation in the shape of the
birth canal is significant and geographically structured. Pro-
ceedings of the Royal Society B, 285(1889), 20181807.
Boatin, A. A., Schlotheuber, A., Betran, A. P., Moller, A. B.,
Barros, A. J. D., Boerma, T., Torloni, M. R., Victora, C. G., &
Hosseinpoor, A. R. (2018). Within country inequalities in cae-
sarean section rates: Observational study of 72 low and middle
income countries. British Medical Journal, 360, k55.
Boerma, T., & Ronsmans, C. (2019). Global epidemiology of use of
and disparities in caesarean sections—Authors' reply. Lancet,
394(10192), 25.
Casanueva, E., Rosello-Soberon, M. E., De-Regil, L. M.,
Arguelles, M. d. C., & Cespedes, M. I. (2006). Adolescents with
adequate birth weight newborns diminish energy expenditure
and cease growth. Journal of Nutrition, 136(10), 2498–2501.
Chakraborty, N., Islam, M. A., Chowdhury, R. I., & Bari, W. (2003).
Analysis of ante-partum maternal morbidity in rural
Bangladesh. Australian Journal of Rural Health, 11(1), 22–27.
Desai, P., Hazra, M., & Trivedi, L. B. (1989). Pregnancy outcome in
short statured women. Journal of the Indian Medical Associa-
tion, 87(2), 32–34.
Dunsworth, H. M., Warrener, A. G., Deacon, T., Ellison, P. T., &
Pontzer, H. (2012). Metabolic hypothesis for human altriciality.
Proceedings of the National Academy of Sciences of the United
States of America, 109(38), 15212–15216.
Ezegwui, H. U., Ikeako, L. C., & Egbuji, C. (2011). Fetal
macrosomia: Obstetric outcome of 311 cases in UNTH, Enugu,
Nigeria. Nigerian Journal of Clinical Practice, 14(3), 322–326.
Fall, C. H., Sachdev, H. S., Osmond, C., Restrepo-Mendez, M. C.,
Victora, C., Martorell, R., Stein, A. D., Sinha, S., Tandon, N.,
Adair, L., Bas, I., Norris, S., Richter, L. M., & COHORTS Inves-
tigators. (2015). Association between maternal age at childbirth
and child and adult outcomes in the offspring: A prospective
study in five low-income and middle-income countries
(COHORTS collaboration). Lancet Global Health, 3(7),
e366–e377.
Frost, M. D., Puri, M., & Hinde, P. R. (2013). Falling sex ratios and
emerging evidence of sex-selective abortion in Nepal: Evidence
from nationally representative survey data. BMJ Open, 3(5),
e002612.
Ganchimeg, T., Ota, E., Morisaki, N., Laopaiboon, M.,
Lumbiganon, P., Zhang, J., Yamdamsuren, B.,
Temmerman, M., Say, L., Tuncalp, O., et al. (2014). Pregnancy
and childbirth outcomes among adolescent mothers: A World
Health Organization multicountry study. British Journal of
Obstetrics and Gynaecology 121 Suppl, 1, 40–48.
Government of Nepal. (1971). Marriage registration act, 2028.
Harris-Fry, H. A., Paudel, P., Shrestha, N., Harrisson, T.,
Beard, B. J., Jha, S., Shrestha, B. P., Manandhar, D. S.,
Costello, A. M. D. L., Cortina-Borja, M., & Saville, N. M. (2018).
Status and determinants of intra-household food allocation in
rural Nepal. European Journal of Clinical Nutrition, 72(11),
1524–1536.
Islam, M. (2007). The safe motherhood initiative and beyond. Bulle-
tin of the World Health Organization, 85(10), 735.
Jiang, H., Qian, X., Carroli, G., & Garner, P. (2017). Selective versus
routine use of episiotomy for vaginal birth. The Cochrane Data-
base of Systematic Reviews, 2, CD000081.
Ju, H., Chadha, Y., Donovan, T., & O'Rourke, P. (2009). Fetal
macrosomia and pregnancy outcomes. Australian &
New Zealand Journal of Obstetrics and Gynaecology, 49(5),
504–509.
Lieberman, E., Lang, J. M., Cohen, A. P., Frigoletto, F. D., Jr.,
Acker, D., & Rao, R. (1997). The association of fetal sex with
the rate of cesarean section. American Journal of Obstetrics and
Gynaecology, 176(3), 667–671.
Liu, X., Du, J., Wang, G., Chen, Z., Wang, W., & Xi, Q. (2011).
Effect of pre-pregnancy body mass index on adverse pregnancy
outcome in north of China. Archives of Gynecology and Obstet-
rics, 283(1), 65–70.
18 of 20 WELLS ET AL.
Lunde, A., Melve, K. K., Gjessing, H. K., Skjaerven, R., &
Irgens, L. M. (2007). Genetic and environmental influences on
birth weight, birth length, head circumference, and gestational
age by use of population-based parent-offspring data. American
Journal of Epidemiology, 165(7), 734–741.
Magnus, P., Gjessing, H. K., Skrondal, A., & Skjaerven, R. (2001).
Paternal contribution to birth weight. Journal of Epidemiology
and Community Health, 55(12), 873–877.
Marphatia, A. A., Ambale, G. S., & Reid, A. M. (2017). Women's
marriage age matters for public Health: A review of the broader
Health and social implications in South Asia. Frontiers in Public
Health, 5, 269.
Marphatia, A. A., Saville, N. M., Manandhar, D. S., Cortina-
Borja, M., Reid, A. M., & Wells, J. C. K. (2021). Independent
associations of women's age at marriage and first pregnancy
with their height in rural lowland Nepal. American Journal of
Physical Anthropology, 174(1), 103–116. https://doi.org/10.
1002/ajpa.24168
Mehari, M. A., Maeruf, H., Robles, C. C., Woldemariam, S.,
Adhena, T., Mulugeta, M., Haftu, A., Hagose, H., & Kumsa, H.
(2020). Advanced maternal age pregnancy and its adverse
obstetrical and perinatal outcomes in Ayder comprehensive
specialized hospital, northern Ethiopia, 2017: A comparative
cross-sectional study. BMC Pregnancy and Childbirth, 20(1), 60.
Mendez-Dominguez, N., Vazquez-Vazquez, G.G., Laviada-
Molina, H.A., de Jesus Inurreta-Diaz, M., Fajardo-Ruiz, L.S., &
Azcorra, H. (2020). Cephalopelvic disproportion as primary
diagnosis for cesarean section: Role of neonatal birthweight in
relation to maternal height at a Hospital in Merida, Mexico.
American Journal of Human Biology, e23463 e-pub ahead of
print.
Merchant, K. M., Villar, J., & Kestler, E. (2001). Maternal height
and newborn size relative to risk of intrapartum caesarean
delivery and perinatal distress. British Journal of Obstetrics and
Gynaecology, 108(7), 689–696.
Ministry of Education Nepal. (2016). School sector development plan,
Nepal 2016–2023. Government of Nepal, Ministry of Education.
Mochhoury, L., Razine, R., Kasouati, J., Kabiri, M., & Barkat, A.
(2013). Body mass index, gestational weight gain, and obstetric
complications in Moroccan population. Journal of Pregnancy,
2013, 379461.
Munim, S., & Maheen, H. (2012). Association of gestational weight
gain and pre-pregnancy body mass index with adverse preg-
nancy outcome. Journal of College of Physicians Surgeons
Pakistan, 22(11), 694–698.
Nepal Ministry of Health. (2017). Ministry of Health and population,
new era and ICF international: Nepal demographic and Health
survey 2016. Ministry of Health.
Neuman, M., Alcock, G., Azad, K., Kuddus, A., Osrin, D.,
More, N. S., Nair, N., Tripathy, P., Sikorski, C., Saville, N.,
Sen, A., Colbourn, T., Houweling, T. A. J., Seward, N.,
Manandhar, D. S., Shrestha, B. P., Costello, A., & Prost, A.
(2014). Prevalence and determinants of caesarean section in
private and public health facilities in underserved south Asian
communities: Cross-sectional analysis of data from Bangladesh,
India and Nepal. BMJ Open, 4(12), e005982.
Nove, A., Matthews, Z., Neal, S., & Camacho, A. V. (2014). Mater-
nal mortality in adolescents compared with women of other
ages: Evidence from 144 countries. Lancet Global Health, 2(3),
e155–e164.
Onagoruwa, A., & Wodon, Q. (2018). Measuring the impact of child
marriage on total fertility: A study for fifteen countries. Journal
of Biosocial Science, 50(5), 626–639.
Paudel, M., Javanparast, S., Dasvarma, G., & Newman, L. (2019). A
critical account of the policy context shaping perinatal survival
in Nepal: Policy tension of socio-cultural versus a medical
approach. BMC Health Services Research, 19(1), 166.
Prentice, A., Cole, T. J., & Whitehead, R. G. (1987). Impaired
growth in infants born to mothers of very high parity. Human
Nutrition Clinical Nutrition, 41(5), 319–325.
Rah, J. H., Christian, P., Shamim, A. A., Arju, U. T.,
Labrique, A. B., & Rashid, M. (2008). Pregnancy and lactation
hinder growth and nutritional status of adolescent girls in rural
Bangladesh. Journal of Nutrition, 138(8), 1505–1511.
Rayamajhi, R. T., Karki, C., Shrestha, N., & Padhye, S. M. (2009).
Indication for labour induction and predictors for failed induc-
tion at KMCTH. Kathmandu University Medical Journal, 7(25),
21–25.
Reid, A. (2011). Birth attendants and midwifery practice in early
twentieth-century Derbyshire. Social History of Medicine, 25(2),
380–3999.
Reid, A. (2012). Mrs Killer and Dr Crook: Birth attendants and birth
outcomes in early twentieth-century Derbyshire. Medical His-
tory, 56(4), 511–530.
Ricklan, S.J., Decrausaz, S.-L., Wells, J.C., Stock, J.T. (2020). Obstet-
ric dimensions of the female pelvis are less integrated than
locomotor dimensions and show protective scaling patterns:
Implications for the obstetrical dilemma. American Journal of
Human Biology Jun 22:e23451. Online ahead of print.
Ronsmans, C., Graham, W. J., & Lancet Maternal Survival Series
Steering Group. (2006). Maternal mortality: Who, when, where,
and why. Lancet, 368(9542), 1189–1200.
Rosenberg, K. R., & Trevathan, W. R. (2018). Evolutionary perspec-
tives on cesarean section. Evolution Medicine and Public Health,
2018, 67–81.
Rosenberg, K. R., & Veile, A. (2019). Introduction: The evolutionary
and biocutural causes and consequences of rising cesarean
birth rates. American Journal of Human Biology, 31(2), e23230.
Rosenberg, M. (1988). Birth weights in three Norwegian cities,
1860-1984. Secular trends and influencing factors. Annals of
Human Biology, 15(4), 275–288.
Rutherford, J. N., Asiodu, I. V., & Liese, K. L. (2019). Reintegrating
modern birth practice within ancient birth process: What high
cesarean rates ignore about physiologic birth. American Journal
of Human Biology, 21(2), e23229.
Satyanarayana, K., Nadamuni, N. A., Swaminathan, M. C., &
Narasinga Rao, B. S. (1981). Effect of nutritional deprivation in
early childhood on later growth—A community study without
intervention. American Journal of Clinical Nutrition, 34(8),
1636–1637.
Satyanarayana, K., Radhaiah, G., Mohan, K. R., Thimmayamma, B. V.,
Rao, N. P., Rao, B. S., & Akella, S. (1989). The adolescent growth
spurt of height among rural Indian boys in relation to childhood
nutritional background: An 18 year longitudinal study. Annals of
Human Biology, 16(4), 289–300.
Saville, N. M., Manandhar, D. S., & Wells, J. C. (2020). Data capture
in the low birth weight South Asia trial, a large cluster-
randomised controlled trial in lowland Nepal. UCL Discovery.
Saville, N. M., Shrestha, B. P., Style, S., Harris-Fry, H., Beard, B. J.,
Sen, A., Jha, S., Rai, A., Paudel, V., Sah, R., Paudel, P.,
WELLS ET AL. 19 of 20
Copas, A., Bhandari, B., Neupane, R., Morrison, J., Gram, L.,
Pulkki-Brännström, A. M., Skordis-Worrall, J., Basnet, M., …
Costello, A. (2018). Impact on birth weight and child growth of
participatory learning and action women's groups with and
without transfers of food or cash during pregnancy: Findings of
the low birth weight South Asia cluster-randomised controlled
trial (LBWSAT) in Nepal. PLoS One, 13(5), e0194064.
Saville, N. M., Shrestha, B. P., Style, S., Harris-Fry, H., Beard, B. J.,
Sengupta, A., Jha, S., Rai, A., Paudel, V., Pulkki-
Brannstrom, A. M., Copas, A., Skordis-Worrall, J., Bhandari, B.,
Neupane, R., Morrison, J., Gram, L., Sah, R., Basnet, M.,
Harthan, J., … Costello, A. (2016). Protocol of the low birth
weight South Asia trial (LBWSAT), a cluster-randomised con-
trolled trial testing impact on birth weight and infant nutrition
of participatory learning and action through women's groups,
with and without unconditional transfers of fortified food or
cash during pregnancy in Nepal. BMC Pregnancy and Child-
birth, 16(1), 320.
Sharma, K., Gupta, P., & Shandilya, S. (2016). Age related changes
in pelvis size among adolescent and adult females with refer-
ence to parturition from Naraingarh, Haryana (India). Homo,
67(4), 273–293.
Shirley, M. K., Cole, T. J., Arthurs, O. J., Clark, C. A., & Wells, J. C. K.
(2020). Developmental origins of variability in pelvic dimensions:
Evidence from nulliparous South Asian women in the UK. Ameri-
can Journal of Human Biology, 32(2), e23340.
Sokal, D., Sawadogo, L., & Adjibade, A. (1991). Short stature and
cephalopelvic disproportion in Burkina Faso, West Africa.
Operations Research Team. Internatonal Journal of Gynaecol-
ogy and Obstetrics, 35(4), 347–350.
Stone, P. K. (2016). Biocultural perspectives on maternal mortality
and obstetrical death from the past to the present. American
Journal of Physical Anthropology, 159(Suppl 61), S150–S171.
Style, S., Beard, B. J., Harris-Fry, H., Sengupta, A., Jha, S., Shrestha, B. P.,
Rai, A., Paudel, V., Thondoo, M., Pulkki-Brannstrom, A. M.,
Skordis-Worrall, J., Manandhar, D. S., Costello, A., & Saville, N. M.
(2017). Experiences in running a complex electronic data capture
system using mobile phones in a large-scale population trial in
southern Nepal. Global Health Action, 10(1), 1330858.
Tague, R. G. (1994). Maternal mortality or prolonged growth: Age at
death and pelvic size in three prehistoric Amerindian populations.
American Journal of Physical Anthropology, 95(1), 27–40.
Trivers, R. L., & Willard, D. E. (1973). Natural selection of parental
ability to vary the sex ratio of offspring. Science, 179(4068), 90–92.
UNICEF. (2019). Global database on child marriage. Rettrieved from
https://data.unicef.org/topic/child-protection/child-marriage/
United Nations (Ed.) (1962). Convention on consent to marriage,
minimum age for marriage and registration of marriages. In
Series UNT (Vol. 521, p. 231). United Nations.
Urlacher, S. S., Ellison, P. T., Sugiyama, L. S., Pontzer, H., Eick, G.,
Liebert, M. A., Cepon-Robins, T. J., Gildner, T. E., &
Snodgrass, J. J. (2018). Tradeoffs between immune function
and childhood growth among Amazonian forager-horticul-
turalists. Proceedings of the National Academy of Sciences of the
United States of America, 115(17), E3914–E3921.
Veile, A., & Kramer, K. L. (2018). Pregnancy, birth, and babies:
Motherhood and modernization in a Yucatec village. Maternal
death and pregnancy-related morbidity among indigenous
women of Mexico and Central America (pp. 205–223). Springer.
Walker, R., Gurven, M., Hill, K., Migliano, A., Chagnon, N., De, S. R.,
Djurovic, G., Hames, R., Hurtado, A. M., Kaplan, H., et al. (2006).
Growth rates and life histories in twenty-two small-scale societies.
American Journal of Human Biology, 18(3), 295–311.
Walrath, D. (2003). Rethinking pelvic typologies and the human
birth mechanism. Current Anthropology, 44, 5–31.
Warrener, A. G., Lewton, K. L., Pontzer, H., & Lieberman, D. E.
(2015). A wider pelvis does not increase locomotor cost in
humans, with implications for the evolution of childbirth. PLoS
One, 10(3), e0118903.
Washburn, S. L. (1948). Sex differences in the pubic bone. American
Journal of Physical Anthropology, 6(2), 199–208.
Washburn, S. L. (1960). Tools and human evolution. Scientific
American, 203, 63–75.
Wells, J. C. (2010). Maternal capital and the metabolic ghetto: An evo-
lutionary perspective on the transgenerational basis of health
inequalities. American Journal of Human Biology, 22(1), 1–17.
Wells, J. C. (2015). Between Scylla and Charybdis: Renegotiating
resolution of the 'obstetric dilemma' in response to ecological
change. Philosophical Transactions of the Royal Society of
London Series B, Biological Sciences, 370(1663), 20140067.
Wells, J. C. (2017). The new "obstetrical dilemma": Stunting, obesity and
the risk of obstructed labour. Anatomical Record, 300(4), 716–731.
Wells, J. C., DeSilva, J. M., & Stock, J. T. (2012). The obstetric
dilemma: An ancient game of Russian roulette, or a variable
dilemma sensitive to ecology? American Journal of Physical
Anthropology, 149(Suppl 55), 40–71.
Wells, J. C., Sawaya, A. L., Wibaek, R., Mwangome, M.,
Poullas, M. S., Yajnik, C. S., & Demaio, A. (2020). The double
burden of malnutrition: Etiological pathways and consequences
for health. Lancet, 395(10217), 75–88.
Wells, J. C. K., Figueiroa, J. N., & Alves, J. G. (2017). Maternal pel-
vic dimensions and neonatal size: Implications for growth plas-
ticity in early life as adaptation. Evolution Medicine, and Public
Health, 2017(1), 191–200.
Wells, J. C. K., Wibaek, R., & Poullas, M. (2018). The dual burden
of malnutrition increases the risk of cesarean delivery: Evi-
dence from India. Frontiers in Public Health, 6, 292.
WHO Reproductive Health Library. (2018). WHO recommendation
on episiotomy policy. World Health Organization.
SUPPORTING INFORMATION
Additional supporting information may be found online
in the Supporting Information section at the end of this
article.
How to cite this article: Wells JCK,
Marphatia AA, Cortina-Borja M, Manandhar DS,
Reid AM, Saville N. Maternal physical,
socioeconomic, and demographic characteristics
and childbirth complications in rural lowland
Nepal: Applying an evolutionary framework to
understand the role of phenotypic plasticity. Am
J Hum Biol. 2021;e23566. https://doi.org/10.1002/
ajhb.23566
20 of 20 WELLS ET AL.
